Abstract-For wireless service providers (WSP), the emerging femtocell market brings new opportunities as well as challenges. It is difficult for a WSP to have complete information of the technical strength of other WSP in the market, and it is hard to estimate the user demand, which is influenced by the price and service quality of all competing WSP in the market. To address these problems, in this paper, we propose an economic framework for the WSP to maximize their utility, via a joint pricing and spectrum allocation strategy, under the condition of incomplete information of other rival WSP in the market. We study two scenarios: 1) all WSP enter the market at the same time; 2) the WSP enter the market at different times. In both scenario, we formulate the problem as a Bayesian game, and derive the Bayesian Nash equilibrium. The simulation results verify that the proposed joint pricing and spectrum allocation strategy outperforms sole pricing or sole spectrum allocation strategy. Interestingly, when the WSP enter the market at different times, the later entered WSP chooses more aggressive pricing and spectrum allocation strategy than the early entered WSP.
I. INTRODUCTION
It is predicted that mobile data traffic is expected to grow exponentially in the coming years [1] - [3] . At the same time, the demand for improved coverage and capacity is unprecedentedly high. Huge amount of wireless traffic in hot spot puts great pressure on the existing cellular networks.
Femtocell can provide high quality coverage in homes or offices, creating an exciting and promising market for WSPs, who make profit from the new femtocell service offerings and increased macrocell user satisfaction due to traffic offloading. Though WSPs have strong motivation to exploit the femtocell market, there are several challenges they are facing. 3) Price and spectrum allocation decision-making. If the price is low, though the user demand increases, peruser profit decreases. If more spectrum is allocated to femtocell service, a higher QoS can be achieved, and more users will be attracted, but the WSP has to pay a higher price for the spectrum. 4) Impact of market entry sequence. Pioneering WSPs may take the lead in exploiting the femtocell market and expanding its market share. Nevertheless, their technical information can be studied by the later new-comers to make better decisions. Therefore, WSPs who enter the market at different phases should adopt different strategies. To deal with the above challenges, WSPs have to cope with information incompleteness and jointly consider pricing and spectrum allocation strategies in order to maximize their profits. However, most of the existing work only considers either spectrum allocation [4] - [6] or the pricing [7] - [13] strategy. And to the best our knowledge, no work considers the market entry sequence and its impact on the WSPs' decisionmaking.
In this paper, we build a concrete framework for duopoly femtocell market based on Bayesian game model 1 , in which the WSP leverages the probabilistic estimation of the other WSP's private information to maximize expected payoff. We investigate two market entry scenarios: 1) Concurrent market entry. Both WSPs enter the femtocell market at the same time.
2) Sequential market entry. One WSP enters the market first (which we refer to as the incumbent) and the other WSP follows afterwards (which we refer to as the new-comer). We formulate the first scenario as a static Bayesian game and the second one as a two-stage dynamic Bayesian game.
The main contributions of the paper are:
• To the best of our knowledge, we are the first to jointly consider pricing and spectrum allocation strategies for the competitive femtocell market with incomplete infor-mation.
• We formulate the competition of two WSPs as static or dynamic Bayesian games based on their market entry sequence, and study how the intrinsic and extrinsic factors influence WSPs' best response and the equilibrium of the femtocell market.
• The simulation results show that the proposed joint pricing and spectrum allocation strategy outperforms either sole pricing or sole spectrum allocation strategy in bring WSPs higher utility. The interesting observation in market with sequential entry is that the new-comer adopts more aggressive strategy than the incumbent, which verifies that information incompleteness truly places barriers for WSPs' decision making. The rest of the paper is organized as follows. In section II we give a detailed analysis of the femtocell market. We study the concurrent market entry of two WSPs in section III, and the sequential market entry in section IV. We evaluate the proposed framework through simulation in section V. We finally summarize our work in section VI. Due to page limitation, we ignore all the proofs and give them in the online technical report.
II. CHARACTERIZATION OF FEMTOCELL MARKET
We consider a duopoly market where there are two WSPs I = {1, 2} competing with each other as shown in Fig.1 . 
A. Strategy Space for WSPs
WSPs have two primary strategies: pricing and spectrum allocation. Strategy space of a WSP comprises its all possible price and spectrum allocation combination.
Consider a user j, when choosing the service from WSP i, his transmission rate is:
in which A(s i ) represents the influence of spectrum allocation and g(SIN R(j, i)) represents the influence of Signal to Interference plus Noise Ratio (SINR). We assume that A(s i ) is a linear function of s i : A(s i ) = αs i . Let P rx (j, i) denote the signal power received at user j, P noise (j) denote the received noise power, I(j) denote the received interference power from other transmitters at user j. Thus SIN R(j, i) can be modeled as
.
The expected received power P rx (j, i) is mainly determined by the transmission power P tx (j, i) and the distance r(j, i) between the femtocell BS and the user [14] .
in which B(j, i) is a random variable that captures the channel fading effect, a is the path loss exponent whose typical value is 2 ∼ 4. Therefore, the expected transmission rate R(j, i) is
is the spectral efficiency of WSP i. Spectral efficiency characterizes the transmission rate that can be achieved over a unit bandwidth. It is dependent on the WSPs' transmission rate, network topology and scheduling policy, which is private information and concealed from their rivals. Spectral efficiency can be viewed as the type of each WSP in the game.
B. User Behavior Analysis
Let x i denote the demand for WSP i's femtocell service. We adopt the following demand function for each WSP [9] , [15] , [16] :
C. Influence of Femtocell Market on Macrocell
When the price of a femtocell service is low, more users are willing to access femtocell BSs. As a results, more traffic can be transferred from macrocell to femtocell, and the macrocell can support more users. Therefore, we assume that the increase in WSP i's macrocell demand Δx m i is a decreasing function of p i :
where x 0 i is the highest possible increase in demand, θ i is the sensitivity of macrocell user demand towards p i , p m i is the price for macrocell service. For simplification, we assume that
We further assume that the macrocell market is perfect competitive so that p m i is the same for both WSPs, p
D. Utility of WSP
WSP i's payoff is the revenue from femtocell plus the increment in macrocell revenue , minus the payment for spectrum acquisition.
in which p s is the unit spectrum price.
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III. STATIC COMPETITION WITH CONCURRENT ENTRY
In this section, we formulate the competition between two WSP, who concurrently enter the femtocell market as newcomers, as a static Bayesian game [17] , [18] .
A. Best Response
In a Bayesian game, since a player has incomplete information about the other player, it can not get a precise payoff of its own. Therefore, a rational risk-neutral player would seek a strategy that can maximize its own expected payoff.
Definition 1: Best Response. We define the best response in the Bayesian game as the strategy that generates the highest expected payoff for a WSP of all possible types, given its belief about the type and corresponding strategy of the other WSP.
Proposition 1: The Best response of WSP i. When the following conditions
are satisfied, the best response of WSP i with spectral efficiency g i is
in which g e = E[g
3(g−g) . we show the payoff of the WSP with a particular spectral efficiency in Fig.2 , given the price and spectrum allocation strategy of its rival WSP. It is shown that both price and spectrum allocation have considerable influence on the payoff. When condition (6) is satisfied, there exists an optimal joint price and spectrum point which generates the highest payoff for the WSP -the best response. Fig.3 better illustrates the best response. For each price there is a local optimal spectrum allocation value. The global optimal point is also the local optimal point when the price equals the optimal price as shown in Fig.3 . It is also indicated that if only the price is set according to the best response, there can be no guarantee that the payoff will be higher than those of other price settings. In Fig.3 we can see, if the price is 2.69 (the best response) but the spectrum is 1, the payoff is less than the case where the price is 2.5 and the spectrum is 1. This reinforces the necessity for jointly considering both price and spectrum allocation.
The best response of a WSP is a function of the competitor's strategy, naturally affected by a change in the price and spectrum allocation of the rivalry WSP. In Fig.4(a) , WSP increases its price when its opponent increases price because user demand will not decrease due to a stable price gap between two WSPs and the high unit price brings more revenue. As for spectrum, there are two possibilities: 1) The spectrum decreases because the competitor's price rise makes it possible for WSP to maintain user demand with lower QoS;
2) The spectrum increases because more users can be attracted and charged a higher unit price. Fig.4(a) shows that the second conjecture is valid. The spectrum allocation of a rival WSP also has a considerable influence on the best response of a WSP as shown in Fig.4(b) . When the competitor increases itsspectrum allocation, the WSP has to reduce price in order to maintain user demand. However, instead of increasing spectrum allocation to further stabilize user demand, the WSP cuts down its spectrum allocation. From Fig.4(a) and Fig.4(b) we can see that, a WSP adjusts its price and spectrum allocation in response to a competitor's strategy, but the adjustment tends to have the opposite influence on the user demand. In general, users get higher QoS for a higher price and lower QoS for a lower price.
Best response is conditional on a WSP's spectral efficiency. When the spectral efficiency is high, a WSP is more willing to invest in spectrum (as shown in Fig.4(c) ) since a small increase in spectrum allocation results in a larger increase in user demand. WSP also charges a higher price (as shown in Fig.4(c) ) due to its technological competitive edge.
B. Bayesian Nash Equilibrium for Static Competition with Concurrent Entry
Definition 2: Bayesian Nash equilibrium. The strategy profile (φ 1 , φ 2 ) is a (pure strategy) Bayesian Nash equilibrium if According to definition 2, we can derive the Bayesian Nash equilibrium of the static competition model. Proposition 2: When the following conditions
are satisfied. There exists a (pure strategy) Bayesian Nash equilibrium where WSP i maximizes its revenue via joint pricing and spectrum allocation strategies:
where g In Fig.5 and Fig.6 , the real spectral efficiency of WSP 1 is higher than that of WSP 2, which means that WSP 1 has a technological advantage over WSP 2. We refer to WSP 1 as a High-tech WSP and WSP 2 as a Low-tech WSP. The rise in the cross price elasticity of demand drives the price down for both WSPs as shown in Fig.5 . The price for WSP 2 is lower compared with WSP 1 because WSP 2 has to cut its price to compensate for its technological weakness. Correspondingly, WSP 2 purchases less spectrum for its femtocell services as shown in Fig.6 . In summary, a High-tech WSP adopts a "high price, high QoS" strategy while a Low-tech WSP adopts a "low price, low QoS" strategy.
When cross demand sensibility towards QoS increases, a WSP has to invest more in spectrum acquisition and enhance its own QoS in order to keep users from choosing its competitor's femtocell service. Users' high cross demand sensibility towards QoS forces WSPs to strengthen their technical competence, which requires more spectrum acquisition as shown in Fig.8 and accordingly a higher price as shown in Fig.7 . WSP 1 tends to buy more spectrum and also sets a higher price compared with WSP 2, which indicates that High-tech WSPs stick to the "high price, high QoS" strategy while Low-tech WSPs choose the "low price, low QoS" strategy.
IV. DYNAMIC COMPETITION WITH SEQUENTIAL ENTRY
In this section, we study a two-stage sequential Bayesian game between two WSPs who enter the femtocell market at different times. One WSPs (WSP 1), which we refer to as the incumbent, determines its strategy first. The other WSP (WSP 2), which we refer to as the new-comer, observes the strategy of the incumbent and chooses its own strategy. We assume that WSP 2 knows the spectral efficiency of WSP 1, but WSP 1 does not know the spectral efficiency of WSP 2. This is reasonable since WSP 1 has been in the femtocell market for some time so that WSP 2 is able to better estimate WSP 1's spectral efficiency. This assumption can also be loosened to the case where the new-comer has an incomplete but more accurate spectral efficiency belief, i.e.,
We use the backward induction method to derive the optimal strategy for both WSPs.
A. Best response of WSP 2
We assume that the spectral efficiency of WSP 1 is g, which is known to WSP 2.
Proposition 3: When the conditions are satisfied, WSP 2's best response is
B. Optimal strategy of WSP 1
Proposition 4:
When the following conditions
are satisfied, W 1 maximizes its expected revenue if and only if the price and spectrum allocation are determined as
V. SIMULATION RESULTS
In this section, we compare three strategies: 1) The proposed joint pricing and spectrum allocation strategy; 2) The pricing without spectrum allocation strategy (referred to as sole pricing strategy); and 3) The spectrum allocation without pricing strategy (referred to as sole spectrum allocation strategy). Fig.9 and Fig.10 show that the new-comer always sets a higher price and assigns more spectrum to its femtocell service. The new-comer acts more aggressively because it has a better understanding of its competitor. The incumbent only relies on its belief to make decisions so it acts more conservatively even though its spectral efficiency is exactly the same as its competitor's. Both concurrently entered WSPs know that their competitor is also restricted by a lack of information so their price and spectrum allocation are higher than those of the incumbent who is suffering from asymmetric information. Fig.11 and Fig.12 show that if WSPs have complete information, they will set a higher price and purchase more spectrum. This indicates that information incompleteness hampers WSPs to some extent for adopting the most favorable strategy. The change in price and spectrum allocation in accordance with the change in cross demand sensibility is more dramatic with complete information than that with incomplete information. This is because WSPs are more responsive when they have handy information to help them make decisions.
It is obvious that the payoff for WSPs with joint strategy is always higher than that of either the fixed-priceoptimal-spectrum allocation strategy or the optimal-pricefixed-spectrum allocation strategy as shown in Fig.13 and Fig.14 , verifying that joint strategy outperforms sole strategy. As we stated before, if WSPs sets the price to be optimal, but randomly allocate spectrum, it is possible that the payoff is lower than the case when neither the price nor the spectrum allocation is optimal. Therefore, it is necessary for WSPs to auction for the right amount of spectrum in the spectrum market and then set the right price at the same time in order to gain maximum benefit from the femtocell market.
VI. CONCLUSION
In this paper, we study the newly emerged femtocell market, where multiple WSPs lack certain information about their competitors, yet trying to maximize their payoff through joint pricing and spectrum allocation strategies. We consider two scenarios. The first one is the static case where the two WSPs simultaneously enter the market. Based on Bayesian game theory, we derive the best response of each WSP and the Bayesian Nash equilibrium of the game. The second scenario is sequential market entry with one WSP as the incumbent and the other as the new-comer. The simulation results have shown that the new-comer adopts more aggressive strategies than the incumbent. This indicates that information actually helps WSPs make well-informed decisions. It is also verified that the joint strategy is better than either the sole pricing or sole spectrum allocation strategy. 
